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Giant Anisotropic Magnetoresistance and Excess Resistivity in Amorphous Ul — Sb, Ferromagnets
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U~ —„Sb, amorphous ferromagnets were prepared that show a magnetoresistance anisotropy (AMR)
reaching 26% at 10 K, in a 50-kOe field. This is a striking result, since the AMR of typical amorphous
ferrornagnets does not exceed 1%. Large excess resistivity caused by domain walls is found to scale with
P', where P' is the tangent of the Hall angle.

PACS numbers: 75.50.Kj, 72. 15.Gd

This Letter describes transport and magnetic proper-
ties of a new class of amorphous ferromagnets showing a
26% magnetoresistance anisotropy at saturation and at
low temperature. This is a striking result since typical
amorphous ferromagnets have magnetoresistance aniso-
tropies not in excess of 1% at best. ' This quantity is
defined as (p~~

—p~)/pti, where pt and p~ are the resistivi-
ties at saturation when the magnetization is parallel or
perpendicular to the current direction, and po =

3 p~~

+ 3 p&. Our results also show large excess resistivity at
~H, when the field is applied perpendicular to the
current, where H, is the coercive field. This excess resis-
tivity is caused by the distortion of current lines by
domain walls and scales with the square of the tangent of
the Hall angle.

Crystalline USb and U3Sb4 compounds order antifer-
romagnetically (Ttv =213 K) and ferromagnetically
(T„=146 K), respectively. All the Th3P4 compounds
(U&Sb4, U&P4, and U&As4) show anomalously large Hall
angles, Kerr rotations, and resistivity and magne-
toresistance anisotropies. The 5f electrons are responsi-
ble for the U magnetic moment, that reaches 1.Spy in

U&Sb4, while p-f and d-f hybridization plays a role in

the highly anisotropic nature of the magnetic and trans-
port properties.

Amorphous U~ „Sb„ films were prepared by dc mag-
netron sputtering following our quest for amorphous U
systems where the U is optically and magnetically ac-
tive. " The films are 2000 A thick and are overcoated
with a 400-A Si02 passivation layer. Sample composi-
tion was checked by wet-chemical analysis. X-ray data
show the films to be amorphous, with none of the Bragg
peaks correspondent to U3Sb4 and USb polycrystalline
material (inset of Fig. I). The U-U distances in the
amorphous sample cannot be determined from our data
alone. However, and as we shall see, the magnetic prop-
erties of these amorphous films are similar to those of
crystalline U3Sb4. This means that short-range order
creates an environment where the U-U distances in the
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FIG. 1. Composition dependence of T;, pltttt, Aplpo (15 K,
20 kOe), and H, (15 K) for a-U~ —,Sb„ films. Inset: Typical
x-ray diAractograms for polycrystalline and amorphous films.

amorphous material are comparable to those found in

the close-packed Th&P4 type of body-centered cubic crys-
tal structure characteristic of UiSb4 compounds. In this
case the U-U distance is 4.25 A. According to the Hill

plot, ' it is this distance that determines the existence of
a magnetic moment in the U atom.

Three a-U~ „Sb„samples were prepared with compo-
sitions x =0.37, 0.55, and 0.64 and with Curie tempera-
tures of 98, 132, and 90 K, respectively. Sample compo-
sition was checked by wet-chemical analysis. The mag-
netic moment per U atom has a lower bound of 1.2ptt for
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x=0.55 and decreases to 0.8pq for x =0.37 and 0.64.
Notice that the x =0.55 sample has a Curie temperature
and a magnetic moment close to those quoted for crystal-
line U3Sb4 (x =0.56). Ferromagnetism is still observed
for x=0.37 and 0.64 while the crystalline USb com-
pound (x=0.5) is already antiferromagnetic. In all the
amorphous samples studied, the magnetic moment was

found to lay in the plane of the sample. The composition
dependences of the Curie temperature, the magnetic mo-

ment, the anisotropic magnetoresistance, and the coer-
cive field are shown in Fig. l. All samples show large
Hall angles reaching 20' at low temperature, values

similar to those reported for the crystalline compounds.
The magnetization hysteresis loop for a a-U045Sboqs

film measured at 15 K in a SQUID magnetometer is

shown in Fig. 2. The field is applied in the plane of the
sample. Because of the large coercive field H, the data
indicate only a lower bound for the magnetic moment,
the real saturation value being probably higher. Mea-
surements up to higher fields will be needed to determine
the relative strength of local anisotropy and exchange
fields. The coercive field H, has a thermally activated
temperature dependence similar to that found for amor-

phous Tb-Fe ferromagnets, '

H, 3E/M, —a' T'

Here K is the local anisotropy constant, M, is the mag-
netization of a characteristic spin-flipping volume, and a'

is a constant. The overall functional dependence predict-
ed by Eq. (1) does represent the data reasonably well up
to 50 K (see dashed line, inset of Fig. 2). Another
feature of the low-temperature magnetization of these
materials is its dependence on the field-cooling or zero-
field-cooling process. This is similar to what is found in

spin glasses and random ferromagnets.
Transport properties were measured on rectangular

G-u0~SSbO

T =&Si(

samples typically 10 mm long, 2-3 mm wide, and 2000
A thick. Collinear contacts were used and care was tak-
en to avoid sample crystallization upon contact prepara-
tion. Sample resistivity at 10 K ranges from 281 to 558
pAcm for 0.36(x &0.65, respectively. These values
are quite high even for an amorphous material, and are
caused by the large effective masses of 6d and Sp con-
duction electrons. This is also the reason for the large
resistivities found in the crystalline USb and U3Sb4 com-
pounds. Magnetoresistance measurements were done at
15 K in a continuous-flow cryostat and using an elec-
tromagnet (0-20 kOe). One of the samples was mea-
sured in a superconducting magnet in fields up to 60
kOe, to compare magnetoresistance and magnetization
hysteresis cycles.

The resistivity of ferromagnets can be written as a
sum of an isotropic spin-disorder term p,q=pd;, —ami
and an anisotropic term related to the spin-orbit interac-
tion p,„; —Pm i. Here pd;, is the magnetic resistivity
well above T„mI is the moment averaged over the
mean-free-path distance, mi is the component of mi per-
pendicular to the current direction, and a and P are con-
stants.

p=pd;, —ami —Pmi . (2)

The —P. . . term describes the magnetization rotation
with respect to the current direction, and is responsible
for the resistivity anisotropy at saturation. This term
predicts maxima in p& at + 0, when magnetization re-
versal occurs through rotation processes. The —a. . .
term is isotropic and reflects the spin correlations be-
tween U atoms on neighbor sites. Its behavior has been
described in detail by Senoussi' for Ni-Mn spin glasses.

A third mechanism leading to low-field magnetoresis-
tance in crystalline or amorphous ferromagnets was in-

troduced by Berger. He showed that current lines are
distorted by twice the Hall angle at 180' domain walls
oriented perpendicular to the current direction. This
gives rise to excess Ohmic resistivity at H„hp/p„sc la-

ing with P', where P' is the tangent of the Hall angle
and p, is the p~ value at saturation (no walls),

Ap/p, CP' . (3)

t0
TII(~

80

C is a constant of order unity depending on the wall
configuration. Equation (3) assumes that the wall spac-
ing is much smaller than the sample width. This mecha-
nism leads to peaks in p& at the coercive field caused by
the distortion of the current lines by the walls.

Figure 3 shows the resistance behavior versus applied
field, at 10 K, for the X=0.55 sample. The data were
taken with the field applied in the plane of the sample ei-
ther parallel or perpendicular to the current. First, no-
tice the giant resistance anisotropy observed at satura-
tion and at this temperature, with

FIG. 2. Magnetization hysteresis cycle at 15 K. Inset: The
temperature dependence of the coercive field. &p/. ~0 = (pii —p~)/po =26% . (4)
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FIG. 3. Magnetoresistance at 10 K, for fields applied in the
plane of the sample, either parallel or perpendicular to the
current. Notice the 26% resistivity anisotropy at saturation
and the large excess resistivity in p& at + H, .

This means that P&) a in these systems. This resistance
anisotropy at saturation exceeds by far typical values
found for transition-metal' and rare-earth containing
amorphous ferromagnets.

Second, notice the sharp peaks of p& at + 0, . These
may correspond to the large excess resistivity predicted
by Eq. (3) since these samples have very large Hall an-

gles with P'=0. 13. Third, but not least important, no-
tice that there is only a slight variation in p~~ during mag-
netization reversal.

Let us start with the pI data. The upper curve in Fig.
3 shows that pl never departs more than 1.5% from its
saturation value during magnetization reversal. This is
to be compared to a 26% decrease in the saturation resis-
tivity when the magnetization becomes perpendicular to
the current. We conclude that it is energetically favor-
able for magnetization reversal to proceed mainly
through domain-wall displacement, with the net magne-
tization direction induced by the applied field. The ob-
served 1.5% change of pl as the field is decreased from
saturation towards H, corresponds to the increase in

dispersion of the moments around the field direction.
This is reflected by the —Pm~ term in Eq. (2). In this
case the current distortion mechanism will not contribute
since domain walls are essentially parallel to the current.

Consider now the p& curve. The net magnetization is
now perpendicular to the current. This leads to domains
with walls perpendicular to the current, and then the two
sharp peaks observed at ~ H, can be caused either by
current distortion at domain walls or by the anisotropic
—Pm~ term. Since the magnetization reversal occurs
mainly through domain-wall motion as concluded above,
the anisotropic term should give only a slight 1%-2% in-
crease in p& over the magnetization reversal process.
This cannot explain the 23% increase in p& at + H,
compared to the p& saturation value. This leaves Eq. (3)
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FIG. 4. Plot of the excess resistivity Ap/p, at H, vs the P',
where P' is the tangent of the Hall angle for diA'erent types of
systems. The solid line corresponds to Eq. (3) with C 1.

and the current distortion model as a good candidate to
explain the sharp peaks of p& observed at + H, .

In Fig. 4 we plot dp/p, vs P' for all our amorphous

UI „Sb„samples. For comparison, we added data for
a-U-Sb-Mn, ' a-od-Co, a-Tb-Fe-Co, ' crystalline
MnBi films, and bulk Co at 4.2 K. ' The solid line cor-
responds to Eq. (3) with C=1. We find a remarkable
scaling of hp/p, with P' over 4 orders of magnitude in

all these different systems. This shows that this mecha-
nism involving the distortion of current lines by walls is

probably responsible for the large excess resistivities
found for p& in the a-UI —„Sb„systems. Direct domain
observation was made in crystalline U3As4. From crystal
field and exchange constant parameters the wall thick-
ness was predicted to be a few angstrom. Is

Having explained the nature of the large excess resis-
tivity in the perpendicular resistivity, we are still left
with an intriguing phenomena, the large resistivity an-

isotropy at saturation.
Henkie has also found large anisotropic magne-

toresistance in U3As4 single crystals. He distinguished a
large contribution coming from the anisotropic resistivity
of a single domain for diA'erent magnetization orienta-
tions with respect to the current direction. He also de-
scribed a small excess resistivity caused by domain walls.
He proposed p fanisotropic mixing-as the cause of the
single-domain resistivity anisotropy but no theory was
presented.
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Consider now the anisotropic magnetoresistance
caused by an anisotropic scattering cross section. In this
case different resistivity values at saturation are ob-
tained, depending on the angle between the magnetiza-
tion and the current. This effect has been discussed in

detail for 3d transition metals and 4f rare earths. For
localized moments in amorphous rare earths the magne-
toresistance anisotropy arises from the quadrupole spin
polarization. ' This model also involves the hybridiza-
tion of the 5d states with the conduction electrons. As
the Sd admixed states lie close to the 4f shell they feel

strongly the orbital anisotropy of this shell. This feature
can be compared with p-f mixing in the actinides. The
temperature and field dependences of the magnetoresis-
tance depend on the crystal-field splitting for the rare-
earth ions. Typical hp/po values are in the 10 —10
range. This model fails, however, to give an explanation
for the observed anisotropic magnetoresistance of the
U 1 „Sb„ films. First, the magnetoresistance values ob-
served seem too large to be accounted for by this model.
Second, but not least important, all samples show com-

parable coercive fields at low temperature, and therefore
similar local crystal fields [see Eq. (1)l. According to
this model the magnetoresistance anisotropy should then

be similar for all samples. On the contrary, we observe a
pronounced maximum of the magnetoresistance for the
x=0.55 sample, where T, and the magnetic moments
are larger.

The light actinides can also be viewed as transitionlike
metals with hybridized Sf-6d narrow bands superim-

posed on a broad 7s conduction band. For 31 transition
metals, and due to the spin-orbit interaction, the cross
section for electron scattering by impurities depends on

the angle between the magnetization and the current
directions. Using this model, Jaoul, Campbell, and Fert
derived

~~/fo=y( 161-» (5)

where y [(V,', ) —(V„) j/6 . Here V„ is a matrix
element of the spin-orbit interaction and 6 is the ex-
change splitting energy. We see that in order to have
large hp/po values pl must be small which means that
the spin-up Fermi level is almost outside the spin-up
band. According to photoemission data, this is the case
in USb (Ref. 21) and UqSb4 (Ref. 22) materials
[Dl (EF) «D1(EF)]. This mechanism can lead to
dp/po values of the order of 10 -10 ' such as those
found in the transition-metal alloys, and of the order of
those we find in the U[ — Sb amorphous films. Two
conditions were, however, used to derive Eq. (5) that
may not be fulfilled. First, the spin-orbit interaction was

used in perturbation theory to determine the perturbed
spin-up and spin-down wave functions. Second, the two

spin subbands were assumed to conduct in parallel (two-
current model). The first hypothesis will certainly not
work for the 5f systems where spin orbit is much larger
than in the 3d metals. Also, there is no proof for the va-
lidity of the two-current model in the 5f systems.

This means that the observed giant resistivity anisotro-

py in these 5f amorphous systems cannot be described
within existing models. We hope that this work will
stimulate theoretical studies leading to the understand-
ing of this phenomena.
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